In the present study we have attempted to characterize aerosols using their optical properties over a tropical urban location of Hyderabad, India. We have analyzed three years of in-situ data on aerosol absorption from Aethalometer and scattering from Nephelometer measurements. Satellite based absorption measurements from ozone monitoring instrument, absorbing aerosol index are also analyzed to investigate the role of long range transport of dust. Further, the CloudAerosol Lidar Pathfinder Satellite Observations (CALIPSO) data is used to study the vertical extent of aerosol particles as well as their sphericity using its particulate depolarization ratio. The study revealed that irrespective of seasonal variation, local anthropogenic fossil fuel aerosols form the predominant aerosol type over this site. Biomass/dust aerosols in their pure form are not present during the study period; however the spread of frequency distribution of scattering Angstrom exponent and absorption Angstrom exponent suggested their possible existence in mixed condition with local anthropogenic aerosols. The analysis of columnar aerosol absorption data during pre-monsoon period showed the dominance of UV absorbing dust aerosols in the study region. CALIPSO data analysis over study area showed that majority aerosols are confined within 2 km from the surface during winter while in pre-monsoon particles are distributed throughout the profile (~6 km) with extinction coefficient varying between 0.1-0.2 km -1 . As the season shift from winter to pre-monsoon a change in sphericity of particle is observed. Cluster mean trajectory analysis revealed that during premonsoon majority of air mass movements (~68%) are from western side passing through dust source region like Persian Gulf and Thar Desert before entering into Indian region. During post-monsoon (~70%) and winter (~65%), majority of the air masses are coming from north-west and north-east side of the study area where biomass burning is quite frequent during this period.
INTRODUCTION
Aerosols represent unique particulate constituents that have significant impact on climate (Myhre et al., 2013) . Depending upon their intrinsic and extrinsic properties, they perturb the radiation balance directly through scattering and absorbing solar radiation (Ardanuy et al., 1992; Haywood and Shine, 1995) and indirectly by affecting the optical properties and lifetimes of clouds (Rosenfeld, 1999 (Rosenfeld, , 2000 . Over the last decade there has been a tremendous progress in the understanding of aerosol causing climatic effects with some important observational and modelling breakthroughs (Takemura et al., 2005; Putaud et al., 2010; Andrews et al., 2011) . However, still there exist great uncertainties associated with their radiative effect because of the greater complexity in emission sources and formation mechanism (Penner et al., 1994) and hence in quantification of their climate effect.
Majority of the known aerosol types like sulphates, organics, mineral dust, sea salt etc. scatter incoming solar radiation and thereby reduce the energy flux reaching the Earth's surface, thus cooling the earth surface (Charlson et al., 1991) . These scattering aerosols counteract the warming effects induced by anthropogenic greenhouse gases by an uncertain, but potentially large amount (Andreae et al., 2005) . But there are some aerosols where their absorbing component dominates their scattering part; soot or Black Carbon (BC) which is produced as a result of incomplete combustion is an example for this kind. BC is considered as an important benchmark to determine the air quality of a region and has increased many folds in the developing countries due to rapid urbanisation and development (Streets et al., 2001) . Hence, in recent years scientific attention has focused largely on the role of these anthropogenic aerosols in climate change (Andreae, 1995; Hansen et al., 1998 Hansen et al., , 2005 . It is considered to be the second largest contributor to global warming after carbon dioxide (Ramanathan and Carmichael, 2008; Jacobson, 2010) and recent studies have revealed that total estimated climate forcing of BC is about +1.1 W m -2 (Bond et al., 2013) approximately two thirds of the effect of CO 2 . Fresh Soot is normally hydrophobic and therefore acts as poor Cloud Condensation Nuclei (CCN) and its absorption coefficients shows weak spectral dependence in the solar spectrum (Bergstrom et al., 2002; Kirchstetter et al., 2004) . Bond and Bergstrom (2006) have calculated the mass absorption efficiency for fresh soot aggregates at 550 nm to be 7.15 ± 1.2 m 2 g -1
.
Another important anthropogenic absorbing aerosol that has great climatic relevance and not well addressed in climate model is Brown Carbon . It is usually formed by inefficient combustion of hydrocarbons (e.g., smoldering) (Patterson and McMahon, 1984) or from industrial combustion of lignite. Absorption coefficient of these particles show strong spectral dependence and have less mass absorption efficiency compared to soot (Kirchstetter et al., 2004; Hoffer et al., 2006; Clarke et al., 2007) . Mineral aerosol which is either from long range transport or local resuspension also significantly absorbs solar radiation. The presence of ferric iron oxides such as hematite and goethite in dust aerosols can significantly increase the absorption in the UV/ Visible region of solar spectrum and hence show a strong spectral dependence of absorption coefficient (Sokolik and Toon, 1999) . On a regional scale the forcing due to mineral aerosols can greatly exceed that due to sulphate aerosols and can be comparable to that of clouds (Sokolik and Toon, 1996) . The reported values of mass absorption efficiencies of dust aerosol from Gobi (China), Sahara (Tunisia) and Sahel (Nigeria) range from 0.01-0.02 m 2 g -1 at 660 nm (Alfaro et al., 2004) . In addition to these absorbing aerosols, mixing of optically and chemically different aerosols also plays important role in absorption of solar radiation. For instance sulphate coated with black carbon absorbs more radiation than a pure black carbon (Schwarz et al., 2008) . Fuller et al. (1999) have shown that a complete encapsulation of a soot core with a non absorbing organic or inorganic condensates might enhance the absorption by 30-50%.
In India, there has been a substantial increase in aerosol emission during the last decades due to rapid urbanisation and population growth (Menon et al., 2002) . Venkatraman et al. (2005) have showed that in India ~44% of BC emission comes from bio fuel combustion. Biomass burning which includes agriculture residue burning and forest fire are quite common during dry seasons (Sharma et al., 2010) . Dust storms originating from Persian Gulf and Thar desert regions are also quiet frequent over this region during premonsoon (Gharai et al., 2013) . Moorthy et al. (2007) have inferred that dust aerosols from 'Great Indian Desert' are more absorbing in nature than dust aerosols from African desert. These absorbing aerosols exert a positive radiative forcing at top of the atmosphere causing a warming effect to climate system and hence cause surface cooling (Penner et al., 1994) . It also influences atmospheric thermal stability, surface heat exchange, evapotranspiration, and also air circulation as well as formation and development of clouds.
In the present study we investigated the presence of absorbing aerosols in a tropical urban location, Hyderabad, India. Towards this, ground based observations from Aethalometer and satellite based observation from Ozone Monitoring Instrument (OMI) are analysed. Scattering component from the unloaded filter tape of Aethalometer is addressed by incorporating simultaneous observations of scattering, by Nephelometer. The vertical extent of aerosol is studied using CALIPSO data, and potential source locations are identified using cluster mean trajectory analysis.
EXPERIMENTAL SITE, DATA AND METHODOLOGY
The present study is conducted at Hyderabad, a tropical urban site in the campus of National Remote Sensing Centre (NRSC) (17. 47°N, 78.43°E) . Hyderabad is the capital of the newly formed state Telangana, with a population of more than 4 million (http://censusindia.gov.in). The study site is situated on the Deccan plateau at a height of 557 m above mean sea level. It has a hot semi-arid steppe climate with four dominant seasons; winter (Dec-Jan-Feb), premonsoon (Mar-Apr-May), monsoon (Jun-Jul-Aug-Sep) and post-monsoon (Oct-Nov). The meteorological parameters recorded at India Meteorological Department (IMD) (www.imd.gov.in), Begumpet, Hyderabad over a period of 1997-2012 was analysed. Study revealed that long term daily mean of maximum (T max = 36.1°C) and minimum temperatures (T min = 17.54°C) are similar to that was observed during the study period of 2010-2012 (T max = 36.0°C and T min = 17.33°C). However, analysis of diurnal variation of temperature recorded during study period of [2010] [2011] [2012] shows that T max and T min are ~42°C and ~16°C, respectively. The long term (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , with a maximum observed during monsoon. The long term annual mean of rainfall over Hyderabad is ~827 mm, while the annual rainfall over Hyderabad during the study period 2010-2012 is found to be 1192 mm, 625 mm and 778 mm, respectively. The sampling site is near the state high way and the main sources of aerosols are from vehicular emission, local/long range transport of dust aerosols, biomass burning and industrial emissions.
Ground Based Observation Black Carbon Measurement
Absorbing aerosol measurements are carried out using a seven channel (370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880 nm and 950 nm) Aethalometer (model AE31, Magee Scientific, USA). It works on the principle of optical attenuation by aerosol particles deposited on a quartz fibre tape. Attenuation at 880 nm is considered as the standard for calculating Black Carbon (BC) mass concentration as there is no other major aerosol species which shows significant absorption at this wavelength. The attenuation of light is converted to the recorded BC mass concentration using wavelength dependent calibration factors as recommended by the manufacturer (Aethalometer Manual, Magee Scientific, USA). It is operated at a flow rate of 3 L min -1 (lpm) with a data averaging time of 5 min. More details about the instrumentations and the calibration factors used for calculating mass concentrations can be obtained from Hansen et al. (1984 Hansen et al. ( , 1996 . In the present study, three years (2010) (2011) (2012) of BC data are analyzed. BC mass concentration is diurnally averaged after screening out those data points above and below mean ± 3σ (standard deviation), for the purpose of outlier filtering (Blalock, 1960) and thereby maintaining the data quality. During 3σ screening every hourly data is considered as individual bin. Further, data sets are created by taking the mean value of respective days during the entire study period and are used for further analysis.
Scattering Coefficient
Scattering coefficient of suspended particulate matter during the study period is measured using an integrating Nephelometer (TSI-3653, USA). It measures total scattering (σ sca ) and hemispheric backscattering (σ bsca ) at three wavelengths (450 nm, 550 nm and 700 nm). Instrument is operated at flow rate of 20 L min -1 and with a time resolution of 5 min. Details of instrumentation, operational principle and calibration procedures are available in Anderson et al. (1996) . Instrument was calibrated regularly during the study period using CO 2 and air as high span and low span gases, respectively. The measured data are corrected for angular truncation error and for non ideality in the geometry of the instrument following the method suggested by Anderson and Ogren (1998) . The uncertainty range associated with angular truncation error of σ sca is in the range of -3% to +5% (Heintenberg and Bhardwaja., 1976) . Spectral dependence of σ sca is sensitive to particle size and can be qualitatively expressed in terms of Scattering Angstrom Exponent (SAE). This parameter depends primarily on the particles' size and ranges from 4 (Rayleigh atmosphere) to 0 (large particles) (Valenzuela et al., 2015) .
Aerosol Absorption Coefficient (σ abs ) Calculation
The multi-spectral raw Aethalometer data is suffered by two factors viz. (1) in a nearly unloaded condition, fiber filter causes multiple scattering, which in turn enhanced the light absorption and (2) decrease in optical path length within Aethalometer filter tape due to enhanced filter loading (shadowing effect) causing underestimating the measured signal (Weingartner et al., 2003) . In the present study we calculated absorption coefficient of aerosols at different wavelength by using a two stream radiative transfer model proposed by Arnott et al. (2005) . Scattering offset associated with determination of σ abs is taken care by using simultaneous measurement of wavelength-dependent scattering measured from a 3-wavelength Nephelometer. Multiple scattering theory is used to analytically obtain a filter-loading correction function. The corrected σ abs is given by , , , ,
where σ ATN is the raw absorption coefficien, σ SCA is the scattering coefficient and Ra is the Arnott filter-loading correction term at time n. The necessary correction factors required for calculation of σ abs are adopted from Arontt et al. (2005) . Compare to other models, the methodology suggested by Arontt et al. (2005) has a better theoretical footing, even though it is more complicated. The expected uncertainties in the estimation of σ abs using this methodology are generally less than 10%. In general, the spectral dependence of aerosol absorption coefficients follows power law relationship
where σ abs (λ) is the aerosol absorption coefficient at wavelength λ; k a constant and AAE is the Absorption Angstrom Exponent as discussed by Kirchstetter et al. (2004) . We calculated AAE by taking the negative slope of absorptions vs. wavelengths (370 nm-950 nm) in a log-log plot. The value of AAE can be used to discriminate between different carbonaceous aerosols, as several studies have found that aerosols originating from fossil fuel combustion show weaker dependence on spectral light absorption, with AAE value close to 1 and AAE values between 1 and 2 are an indicator of mixture of BC origin from fossil and biomass fuel (Kirchstetter et al., 2004; Bergstrom et al., 2007) .
Satellite Based Observations Ozone Monitoring Instrument (OMI)
The retrieval of aerosol absorption properties from space is still one of the challenging areas in satellite remote sensing. However the concept of Aerosol Index (AI) for the detection of absorbing aerosols in UV region based on Total Ozone Mapping Spectrometer (TOMS) observations is still a reliable estimate in the respective spectral domain (Herman et al., 1997; Torres et al., 1998) 
where the indices "meas" and "calc" indicate the radiance measured by OMI and the radiance calculated for pure Rayleigh scattering, respectively (Torres et al., 1998) . Because of the short separation of the wavelengths involved, the surface effect in the computation of the UV aerosol index is very small. When UV absorbing aerosols are present in the atmosphere, the spectral contrast (I 360 /I 331 ) is smaller than that predicted by the calculation model, and positive residues are produced by Eq. (3). Non-absorbing aerosols produce greater spectral contrast, and thus result in negative AI. 
Moderate Resolution Imaging Spectroradiometer (MODIS)
MODIS has 36 spectral bands ranging from 0.4 to 14.4 µm with three different spatial resolutions (250 m, 500 m and 1000 m). It has a swath of 2330 km and provides near global coverage on daily scale with an equatorial crossing local time of 10.30 and 1.30 for Terra and Aqua platform, respectively. In this study we have used Level 3 AOD 550nm data from Aqua platform, which is available from (https://ladsweb.nascom.nasa.gov/). The expected uncertainty of MODIS AOD retrieval over land is observed to be ± 0.05 ± 0.15 AOD (Remer et al., 2008) .
Cloud Aerosol Lidar and Infrared Path Finder Satellite Observation (CALIPSO)
CALIPSO is a joint NASA-CNES mission, launched on 28 April 2006 in a sun synchronized orbit at an altitude of 705 km from the earth. CALIOP (Cloud Aerosol Lidar and Infrared Path finder ), which is one of the primary instruments on the satellite providing vertical profiles of atmospheric aerosols at two wavelengths (1064 nm and 532 nm) from a near nadir-viewing geometry during both day and night phases of the orbit. In addition to the back scatter vertical profiles at two wavelengths it also provides profiles of particle depolarization ratio (PDR) at 532 nm. The depolarization measurement enables the discrimination between ice clouds and water and non-spherical aerosol particles (Huang et al., 2007) . In the present study we used CALIPSO Level 2 data, version 3.02 during 2006-2012, obtained from NASA site (http://www-calipso.larc.nasa.gov/). The dataset for premonsoon and winter consist of 59 and 63 CALIPSO tracks, respectively. The tracks during night time only are used in the analysis as it is more sensitive than those during day time (Zwally et al., 2002) . The mean extinction and depolarization ratio profiles over Hyderabad region are analysed. Basic quality screening technique, Atmospheric Volume Description (AVD) is used to remove false features like cloud layer from the profile, further aerosol layer having a Cloud Aerosol Discrimination (CAD) score greater than -20 have been screened out and also outputs are further screened depending on their respective uncertainty values (Yang et al., 2012) .
CALIPSO is the only satellite currently in orbit which provides three dimensional distributions of aerosol properties with certain uncertainties. These are (1) the large distances between the lidar and the target of interest (typically between 500 km-700 km), (2) the high speed at which laser sweeps across the target space (~7 km s ) and (3) the relatively low firing rate of the laser (20Hz) relative to the velocity of satellite (Winker et al., 1996) .
HYbrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model
The general air mass pathway reaching Hyderabad is analysed using HYSPLIT model (Draxler and Rolph, 2003) [http://ww.arl.noaa.gov/ready/hysplit4.html]. We computed 5 day isentropic model backward air mass trajectory for all days from 2010-2012 with each trajectory starting at 00:00 hrs and reaching study site, Hyderabad at two levels,1000 and 3000 m above ground level (AGL). Even though the trajectory analysis have inherent uncertainties (Stohl, 1998) , they are quite useful in determining pollutants pathways.
RESULTS AND DISCUSSION

BC Variability
Diurnal variation of BC averaged for the study period is shown in Fig. 1(a) (Top panel) . A well-defined diurnal variation is observed in all seasons with two peaks during morning 07:00-09:00 local time (LT) and night 20:00 LT onwards also with an afternoon minimum (11:00-17:00 LT). A similar diurnal pattern of BC is also observed in other parts of the country (Babu et al., 2002; Beegum et al., 2009) . The diurnal variation of BC is highly influenced by the diurnal evolution of atmospheric boundary layer (ABL) and its structure (Moorthy et al., 2003; Nair et al., 2007) . The mechanism for morning peak is closely associated with the fumigation effect (Nair et al., 2007) , where BC in the residual layer mixes with the surface layer by mixed layer entrainment and turbulence in addition to building up of anthropogenic activities (mostly vehicular emissions and industrial emissions) (Stull, 1998) . As the day progress due to surface heating, atmospheric aerosols near surface get diluted in their concentration and push the ABL upwards resulting in less concentration of BC during the day time. In addition, low traffic density compared to morning and evening peak traffic movements are also one of the causes of lower concentration of BC observed during day time. During evening time, solar heating decreases and hence atmospheric convective activity also decreases, which inhibits the vertical transport of aerosols resulting in a nocturnal peak as seen in the figure.
Monthly mean variation of BC mass concentration (µg m -3 ) in box plot is shown in Fig. 1(b) (Bottom Panel). The range of box represents the values between 25-75 percentiles, the wisker represent standard deviation, minimum and maximum values are represented by asterisk, mean and median values are described by square and straight line inside the box. BC mean (± standard deviation) mass concentration during pre-monsoon, monsoon, post-monsoon and winter is found to be 13.16 ± 2.62, 11.66 ± 1.81, 14.84 ± 1.37, 13.12 ± 2.42 µg m -3 respectively. There is a seasonal difference in BC mass concentration with low values during monsoon and higher values during the rest of the seasons. Though the BC particles are not hygroscopic, rainfall can contribute to reduction of BC particles by wet scavenging and by increasing the probability of condensation of secondary inorganic aerosols on BC particle which can make them hygroscopic and get scavenged by precipitation due to the presence of high humidity prevailing during these months (Gadhavi and Jayaraman, 2010 A gradual increase of BC mean mass concentration can also be observed from June to December [~15.82 µg m -3 ]. These seasonal variations can be attributed to dynamics of monsoon circulation, ABL characteristics (Moorthy et al., 2003; Nair et al., 2007) 
Aerosol Absorption and Scattering Coefficient
Although BC mass concentration is an important parameter in assessing the air quality of a region, the radiative impact of the aerosols can be studied only if the absorption coefficients (σ abs ) and scattering coefficients (σ sca ) of these aerosols are known. It is a necessary input for the calculation of Single Scattering Albedo (ω), which is one of the critical parameters in aerosol radiative forcing calculation (Hansen et al., 1998) . The observed values of mean σ abs (550 nm) and σ sca during different seasons over Hyderabad and the reported values in other cities are shown in Table 1 . The mean σ sca (Mm -1 ) over Hyderabad during pre-monsoon, post-monsoon and winter are 170 ± 55, 181 ± 20.4, 298 ± 57 Mm -1 respectively, while mean σ abs (Mm -1 ) during same period are 81 ± 38.03, 56 ± 47.37, 84 ± 35.85 Mm -1 respectively. Apart from radiative forcing studies, the information from the wavelength dependence of σ abs (quantitatively through AAE) and σ sae (quantitatively through SAE) can be used for aerosol species identification (Fialho et al., 2005) . Several studies have found that aerosols originating from fossil fuel combustion show weaker dependence on spectral light absorption while the biomass burning aerosols and dust (b) Krischestter et al., 2004) . In the present study we tried to investigate the probable presence of different aerosol types by analyzing their spectral dependence on absorption and scattering coefficient. The seasonal variations of spectral scattering coefficient (σ sca ) and spectral absorption coefficient (σ abs ) are depicted in Fig. 2(a) . Analysis shows that seasonal average SAE values during pre-monsoon, postmonsoon and winter are 1.56 ± 0.27, 1.5 ± 0.18 and 1.63 ± 0.11 respectively, where as respective AAE values are 1.19 ± 0.16, 1.2 ± 0.18 and 1.2 ± 0.16. This clearly indicates the dominance of fossil fuel aerosols in these seasons, which is as expected in an urban site like Hyderabad; however the presence of long range transported aerosols can't be rule out. During post-monsoon and winter season biomass burning activities (which include forest fire and agriculture residue burning) are quite prominent over the Indian regions (Rastogi and Sarin, 2005) ; also frequency of dust storm and the presence of local resuspended soil dust aerosols is more during the pre-monsoon months. Moorthy et al. (2007) have inferred that dust aerosols over the Great Indian Desert (which is in the NW side of study site) is more absorbing in nature compared to other African desert dust aerosols. Kaskoutis et al. (2009) have reported a ~2 fold increase in aerosol optical depth (AOD) during an intense dust storm over Hyderabad during pre-monsoon of 2008, while Kharol and Badrinath (2006) have suggested a reduction -12.5 W m -2 of broad band radiation per 0.1 increase in AOD due to the presence of biomass burning aerosols. During their life time, these aerosol can also adhere with local anthropogenic aerosols (BC) forming a complex aerosol type with different physical, optical and chemical properties (Fuller et al., 1999; Jacobson, 2001; Bond and Bergstorm, 2006) . AAE depends on the wavelength pair as well as the mixing and coating state of the aerosols. Gyawali et al. (2012) found AAE close to one during clean days and with little variation but around 0.8 during polluted days, with a wavelength pair 532/870 nm. The value of AAE < 1 can be related to black carbon coating by coarse particles such as dust and organic carbon . Over Kanpur, India, Eck et al. (2010) found AAE (440-870 nm) approaches 2 for coarse dust. Kirchstetter et al. (2004) has reported an average AAE value of 1.2 for biomass burning aerosol haze samples collected during SAFARI 2000. Inorder to investigate the probable presence of biomass/dust aerosols during different season, frequency distributions of SAE and AAE are analyzed, and is shown in Figs. 2(b) , 2(c) and 2(d). The predominance of fossil fuel aerosol during all the seasons is underlined by the presence of majority of AAE values falling within the range 1.1-1.3 and SAE values 1.3-1.7. A closer observation of Figs. 2(b), 2(c) and 2(d) shows that during post-monsoon and winter season ~16-25% of the total AAE values are greater than 1.5, while this is ~10% in pre-monsoon; AAE values below 0.9 during premonsoon, post-monsoon and winter are respectively ~11%, ~23% and ~8%. Presence of coarse mode aerosol (probably dust) with low SAE values can be observed during premonsoon. Although seasonal differences in frequency of AAE and SAE values are not significant, this variation can be attributed to the presence of other aerosols like organic carbon (from biomass burning), dust etc. in different relative amounts coated with local anthropogenic aerosols either internally or externally (Sandradevi et al., 2008; Giles et al., 2010) . The frequency distribution of SAE and AAE during study period reveals that predominant aerosol type over Hyderabad is from local fossil fuel aerosols. The presence of biomass burning aerosols or dust aerosols in its pure form are not prominent during study period at the surface; however spread of frequency spectrum of SAE and AAE possibly suggest the presence of these aerosols types in mixed form with local anthropogenic aerosols. Further laboratory studies under controlled environment are required to confirm their nature of existence with BC and hence to determine the absorption efficiency of these complex mixtures.
Satellite Observations
Aerosol Index (AI) provided by OMI gives a global as well as regional columnar measurement of aerosol absorption. It is an effective index to characterize UV absorbing aerosols like dust, smoke, volcanic ash from non-absorbing ones (Torres et al., 1998) . One of the main drawbacks of AI retrieved by OMI is, it is sensitive to aerosol layer height and any aerosol below 1000 m is unlikely to be detected or yield negative values since weakly absorbing aerosols at low altitudes cannot be distinguished from non-absorbing aerosols (Torres et al., 1998; De Graaf et al., 2005) . In the present study, Aerosol Index data are analyzed independently to investigate on long range transport of absorbing aerosols e.g., dust. Since aerosols below 1000 m are not properly represented by OMI derived AI, ground based Aethalometer measurements are not directly analyzed in conjunction with AI. Here we tried to analyze the long term variation of AI over Hyderabad; the box plot of monthly mean variation of AI during 2006-2012 is shown in Fig. 3(a) . The analysis showed that range of AI values varies from 0.5-1.47 over the mentioned period; with the presence of high values (> 1) during pre-monsoon. Data analysis of MODIS Aqua AOD during the same period of observations, also shows a similar trend with peak in pre-monsoon (Fig. 3(b) ). The data for Jun-August are missing due to persistent cloudiness. Although mean monthly variations of AOD shows a gradual enhancement of aerosol loading, AI shows sudden peaks during pre-monsoon. This could be due to long range transport of dust, which is observed frequently during premonsoon. In addition to high concentration, high altitude aerosol layers are also a significant factor in the high AI values during pre-monsoon. This UV absorbing dust aerosols can be uplifted up to ~500 hPa depending on the convective activity and meteorological conditions (Carlson and Prospero, 1972; Nickling, 1978) . Over Tibetan plateau dust layer appear frequently between 4-7 km above mean sea level [msl] (Huang et al., 2007) while Gharai et al. (2013) reported vertical extent of dust aerosol over north India is about 6 km during pre-monsoon, 2010. The low AI values during winter and post-monsoon possibly suggest that the aerosols are confined to the near surface because of the presence of shallow boundary layer as well as incidence of long range transport of absorbing aerosols are very less.
To understand about the vertical extent of aerosol, vertical profiles of extinction coefficient (km -1 ) and PDR obtained from CALIPSO have been analysed. The PDR values indicate the sphericity of aerosols with increasing values pointing towards the degree of irregularity in shape of particles. The values between 0.2-0.31 are generally assumed to be irregularly shaped dust aerosols (Huang et al., 2007) and PDR values below 0.1 are considered as smoke aerosols or aerosols due to anthropogenic origin (Teshce et al., 2009) . Kaskaoutis et al. (2012) reported high PDR values varying between 0.2-0.5, indicate the presence of dust with nonspherical particles for two dust events occurred at Sahara desert and the eastern Mediterranean. CALIPSO observations profiles are shown in Fig. 4 , wherein left and right panel represents pre-monsoon and winter respectively. The extinction profiles represent the averaged values of extinction coefficients (km -1 ) from the available CALIPSO night tracks during each season and the horizontal bar represents ± 1σ; while the PDR profile represents the number density of aerosol particles. The analysis shows that, the winter season is characterized by high mean extinction values (0.34 km -1 ) within 1 km, and it decrease with altitude, the PDR profile reveals that ~70% of the particles are within 2 km. This indicates that during winter season majority of the aerosol particles are confined within 2 km from the surface, which may be one of the reason for undetection of UV absorbing aerosol particles by OMI sensor. On the contrary, pre-monsoon profile is characterized by almost constant extinction coefficient with values ranging between 0.1-0.2 km -1 and particles throughout the vertical profile (~6 km). It can also be observed that there is a shift in the sphericity of aerosol particles as the season shifts from winter to pre-monsoon. About 70% of the particles during winter have PDR values less than 0.1, while pre-monsoon is characterized by only 25% of the total number of backscattering particles. Increase in PDR values during pre-monsoon indicates the presence of irregularly shaped particles, most probably dust. The variations in the PDR (Fig. 4 bottom panel) are due to the detection noise and natural variability of the dust layer. Although over the study location, CALIPSO derived extinction profiles are limited beyond 6 km height during pre-monsoon, a sharp high aerosol extinction is observed just below 5 km height. Since in this study, we do not have the concurrent vertical profile of meteorological parameters and also non availability of information on contribution of BC to the layer extinction for each profile, it is difficult to explain the actual cause of high extinction observed just below 5 km height above ground level. However Babu et al. (2011) , found a sharp thin layer of high BC concentration (12 µg m -3 ) in the altitude region from 4.4-4.8 km during a high altitude balloon experiment with Aethalometer (AE-42, Magee Scientific, USA), which probably associated with high altitude aircraft emission. The above mentioned experimentation was conducted over Hyderabad during pre-monsoon of 2010.
CLUSTER MEAN TRAJECTORY ANALYSIS
The backward trajectories ending at the study site, Hyderabad are investigated over the period 2010-2012 at two levels, 1000 m and 3000 m above ground level (AGL). To investigate the pollutant source regions we separated the trajectories into 4 clusters based on their pathway, namely North-East (N-E), North-West (N-W), South-East (S-E), South-West (S-W). The main criterion of trajectory clustering is to minimize the variability among trajectories and maximize variability among clusters. Cluster mean trajectories of air mass at 3000 m AGL and their percentage contribution to the total calculated for each season over the study period are shown in Fig. 5 . Figure shows that majority of the air mass trajectories originating from NW and NE direction of the study site are respectively during postmonsoon (~70%) and winter (~65%). Analysis of trajectories at 1000 m AGL (not shown here) during winter (relatively lower ABL) also suggest that majority air mass are originating from the NW (43%) and NE (29%) directions. During these periods, which are generally the post-harvest period for some of the crops agriculture residue burning, are quite common in the NW and NE regions part of India (Sharma et al., 2010) . Frequency distribution of AAE suggest that observed high values of AAE near the surface are more during post-monsoon and winter season (Figs. 2(c) and 2(d)), which could be due to the significant advection of biomass burning aerosols towards the study site from NW and NE directions. The majority of the trajectory pathways during pre-monsoon (~68%) are from the western region of the study site, and a very less number of trajectories (~7%) are observed from north-east (NE) region. The air mass, which follows the NW trajectories are passing over the probable dust source regions like Persian Gulf and Thar desert. This indicates that during pre-monsoon, study site is also influenced by the presence of irregularly shaped coarse mode particles like dust aerosols. During south west monsoon as expected, trajectories are passing through Arabian Sea, which bring marine air mass towards the observation site.
CONCLUSIONS
In the present study an attempt has been made to identify aerosol types over an urban location of Hyderabad based on their absorption properties during 2010-2012. Towards this ground and satellite based observation are used, further HYSPLIT back trajectory model is used to identify possible source location. The important outcomes of the study are the following (I) Irrespective of the seasonal variation, predominant aerosol types are from fossils fuel and local anthropogenic emissions. BC showed a significant diurnal variation, but a relatively less significant seasonal variation. (II) Biomass/dust aerosols in its pure form are not found during the study period. However the spread of frequency distribution of AAE reveals the possible presence of these aerosols in different seasons in a mixed state with local BC aerosols. (III) The columnar observation of aerosol absorption measurement through AI obtained from OMI sensor reveals that frequency of UV absorbing aerosols are more during pre-monsoon compared to other seasons. In addition to the vertical profile of aerosols, frequent long range transportation of dust aerosols during premonsoon is one of the reasons for obtaining high AI during this season. (IV) Analysis of vertical distribution of aerosols from CALIPSO showed that during winter majority of the aerosols are confined within 2 km from the surface, while in pre-monsoon particles are distributed throughout the profile (~6 km) with extinction coefficient mostly varying between 0.1-0.2 km -1 . As the season shift from winter to pre-monsoon a change in sphericity of particle is observed, with particle getting more irregularly shaped during pre-monsoon. (V) The long range circulation of pollutant pathways reveals that, during pre-monsoon a good proportion of trajectories (~68%) are coming from the western side of study region where, dust prone areas like Thar Desert and Persian Gulf regions are located. During post-monsoon (~70%) and winter (~65%) majority of the trajectory is coming from NW and NE side of Hyderabad, where biomass burning is quite frequent during this period.
